Aerojet TechSystems

Hydrocarbon Fuel/Combustion-
Chamber-Liner Materials Compatibility

Contract NAS 3-25070
Interim Final Report
NASA CR-185203
April 1990

Prepared For:

National Aeronautics and Space Administration
Lewis Research Center

Cleveland, Ohio 44135

(NASA-CR-135203) NIO-21165
HYORUCARBON-FULL/COMeUSTION-CHAM3IFR-LINER
MATERIALS COMPATIPILITY Interim Finnal

Report, 7 Nov. 19B6 - 31 2ct. 198° (Aerojut Unclas
Technical Systems Co.) 249 p CSCL 11F G3/26 w277610
SenCorRP

Acr0JeT






Report No. KBQ-FR-1 April 1990
NASA CR-185203

HYDROCARBON-FUEL/COMBUSTION-CHAMBER-LINER
MATERIALS COMPATIBILITY

Contract NAS 3-25070

Interim Final Report

7 November 1986 - 31 October 1989

Prepared For

National Aeronautics and Space Administration
Lewis Research Center
21000 Brookpark Road
Cleveland, Ohio 44135

Prepared By: Approved By:
mMark fpar Mu;\)?m@v
Mark L. Gage Sanders D. Rosenberg
Project Engineer ogram Manager
Aerojet TechSystems

P.O. Box 13222
Sacramento, California

RIT/D406.54-TP






1. Report No.
CR- 185203

2. Government Accession No.

3. Recipient's Catalog No.

4. Title and Subtitie

Hydrocarbon Fuel/Combustion-Chamber
Liner Materials Compatibility
Interim Final Report

5. Report Date
April 1990
8. Performing Organization Code

7. Author(s}
i

Mark L. Gage
Dr. Sanders D. Rosenberg

8. Performing Organization Report No.

10. Work Unit No.

9. Performing Organization Nama and Address

Aerojet TechSystems
P.0. Box 13222
Sacramento, CA 95813

11. Contract or Grant No.
NAS 3-25070

13. Type of Report and Period Covered

12. Sponsoring Agency Name and Address

NASA/Lewis Research Center
Cleveland, Ohio 44135

Interim Final Report
11/7/86 - 10/31/89
14. Sponsoring Agency Code

15. Supplementary Notes

Project Manager, Richard Quentmeyer
NASA/LeRC, Cleveland, Ohio

16. Abstract
with copper-based combustion chamber liner

and ZrCu coppers.

ment.

role played by fuel impurities.

of copper alloy combustion chamber liners,
specifications.

Results of material compatibility experiments using hydrocarbon fuels in contact

n- dodecane, propane, and methane fuels were tested in contact with OFHC, NASA-Z,
Two distinct test methods were employed.
which copper coupons were exposed to fuel for long durations at constant tempera-
ture and pressure, provided compatibility data in a precisely controlled environ-
Dynamic tests, using the Aerojet Carbothermal Test Facility, provided fuel
and copper compatibility data under realistic booster engine service conditions.
Tests were conducted using (1) very pure grades of each fuel and (2) fuels to
which a contaminant, e.g. ethylene or methyl mercaptan, was added to define the
Conclusions are reached as to degradation
mechanisms and effects, methods for the elimination of these mechanisms, selection

materials are presented. Mil-Spec RP-1,

Static tests, in

and hydrocarbon fuel purchase

17. Key Words (Suggested by Author(s))
Methane, Propane, RP-1, NASA-Z, OFHC,
Z2rCu, Material Compatibility, Corrosion,
Carbon Deposition, Protective Coatings,
Regenerative Cooling, Booster Engines

18. Distribution Statement

Unlimited

19. Security Classii, {of this repor)

Unclassified Unclassified

20. Security Classif. (of this page)

21. No. of pages
241

22. Price*

*For sale by the National Technical Information Service, Springfield, Virginia 22161

£a

t






1.0
2.0
3.0

4.0

5.0

6.0
7.0

TABLE OF CONTENTS

Introduction
Summary
Task 1 - Corrosive Interaction & Corrosion Rate Determination
3.1 Test Methods

3.1.1 Static Tests

3.1.2 Dynamic Tests

3.1.3  Fuel Analysis
3.2 RP-1 Test Results

3.21 Static Tests

3.22 Dynamic Tests
3.3 Methane Test Results

3.3.1 Static Tests

3.3.2 Dynamic Tests
3.4 Propane Test Results

3.41 Static Tests

3.42 Dynamic Tests
Task 2 - Protective Measures Development & Evaluation
4.1 Task 2.1 - Candidate Material Selection
4.2 Task 2.2 - Chemistry Laboratory Tests
4.3 Task 2.3 - Thermal Sciences Laboratory Tests
Task 3 - Protective Measures Verification Program
5.1 Task 3.1-Program Plan Preparation
References
Appendices
Appendix A - Static Test Laboratory Procedures
Appendix B - Dynamic Test Laboratory procedures

Appendix C - Dynamic Test Data Reduction Program
Listing and Sample Output

RPT/D0406 54-FM iii

g
N o R
o

12
12
12
20
26
30
30

70
70
78
99
99
108
123
123
127
150
198
198
208

A-1

C-1






Table No.

> N =

O 0N N

10
11
12

13
14
15
16
17
18
19
20

RPT/DO0406 54-FM

LIST OF TABLES

A Summary of Experimental Results
Fuels and Materials Tested in Program
General Guidelines of Program

Dynamic Tests Produced Realistic Simulation of Cooling
Channel Conditions

Vendor Supplied Analysis of Propellants and Additives
Contents of RP-1 Ampul Tests

Internal Pressure of Glass Ampules

Material Balances for Sulfur in Ampul Tests

Ampul Test Results

RP-1 Dynamic Test Conditions

Summary of RP-1 Dynamic Tests

Summary of ESCA Analysis on Surface Deposits From
RP-1 Dynamic Tests

Summary of Aminco Bomb Tests

Summary of Methane Dynamic Tests in Task 1
Propane Static Test Conditions

Summary of Propane Dynamic Tests

Physical Properties of Candidate Metals
Summary of Coupon Weights

Summary of Methane Dynamic Tests in Task 2
Proposed Carbothermal Test Matrix

iv

27
31
33
37
43
45

55

71

79
100
109
124
139
153
204






Figure No.
1

SN U W N

o <IN |

10
11
12
13
14
15
16

17

18

19

20
21
22
23

24

25

RI'T/DO0406.54-FM

LIST OF FIGURES

Carbonaceous Tar Covered Channel Surfaces After RP-1
Dynamic Tests

500 ppm Sulfur Added to RP-1 Roughened Channel Walls
Pure Methane Did Not React With the Copper Materials

1 ppm Sulfur in Methane Corroded Channel

Propane Tests Left Copper Sulfide Deposits

Electrodeposited Coatings Protected Copper Channels
From Corrosion

Ampul Tests Were Conducted With RP-1

Oven Temperature For Ampul Tests

Filling System For Aminco Bomb Tests

Temperature and Pressure Traces For a Typical Bomb Test
Schematic of Dynamic Test Facility

Conceptual Diagram of Aerojet Carbothermal Materials Tester
Typical Dynamic Test Specimen

Gas Chromatograph of RP-1 Before Ampul Tests

Gas Chromatograph of RP-1 After Ampul Tests

Specimen Before and After Ampul Test With Air
Saturated RP-1

Specimen Before and After Ampul Test With n-Dodecane Plus
525 ppm n-Dodecanethiol

SEM of Copper Surface Before and After Ampul Test With
Air Saturated RP-1

SEM of Copper Surface Before and After Ampul Test With
n-Dodecane Plus 525 ppm n-Dodecanethiol

Heat Transfer Performance During RP-1 Dynamic Test R103
NASA-Z Channel Before and After RP-1 Dynamic Test R104
Heat Transfer Performance During RP-1 Dynamic Test R105

SEM Photos of Channel Surface Before and After RP-1
Dynamic Test R107

Heat Transfer Performance During RP-1 Dynamic
Test R109

Pressure Drop Through Channel During RP-1 Dynamic
Test R111

O 0 N3 ™

11

15
16
18
19
21

23
34
35
38

39

41

42

48
49
51
53

56

58






Figure No.
26

27
28
29

30
31
32

33
34

35
36
37

38
39

40
41

42
43

45
46
47
48
49

* RPT/D0406.54-FM

LIST OF FIGURES

Heat Transfer Performance During RP-1 Dynamic
Test R112

Apparent Channel Roughness During RP-1 Dynamic Test R112
Heat Transfer Performance During RP-1 Dynamic Test R113

Apparent Channel Roughness During RP-1 Dynamic
Test R113

SEM Photos of Channel Surface After RP-1 Dynamic Test R113
SEM Photos of Channel Surface After RP-1 Dynamic Test R113

Thermal Resistance Buildup Rate Is a Strong Function of
Wall Temperature

SEM of NASA-Z After Static Exposure to UHP Methane

SEM of NASA-Z After Static Exposure to UHP Methane
Plus 1% Air

SEM of NASA-Z After Static Exposure to UHP Methane Plus
272 ppm Methyl Mercaptan

Analysis of Surface Composition After Static Exposure to UHT

Methane Plus 272 ppm Methyl Mercaptan

Heat Transfer Performance During Methane Dynamic
Test M10383

Cooling Channel Before and After Methane Dynamic Test M103

SEM Photos of Channel Surface After Methane Dynamic
Test M103

Cooling Channel After Methane Dynamic Test M109

Mass Flowrate Through the Channel Was Affected by
Sulfur Added to the Methane

SEM Photos of Channel After Methane Dynamic Test M111
Cooling Channel After Methane Dynamic Test M112

Heat Transfer Performance During Methane Dynamic
Test M113

Cooling Channel After Methane Dynamic Test M113

SEM Photos of Channel After Methane Dynamic Test M113
NASA-Z After Static Exposure to IG Propane

NASA-Z After Static Exposure to RG Propane

NASA-Z Before and After Exposure to IG Propane Plus
2000 ppm Water

vi

5
o4
]

60

61
63

65
66
68

72
74

76

80

82
83

87
89

92
93
94

96
97
101
103
105






Figure No.
50

51

52
53
54

55

56
57

58
59
60
61
62

63
64
65

66
67
68
69
70
71

72
73
74

RPT/D0406.54-FM

LIST OF FIGURES

SEM Photos of NASA-Z After Static Exposure to IG
Propane Plus 2000 ppm Water

NASA-Z After Static Exposure to IG Propane Plus 94 ppm
Methyl Mercaptan

Cooling Channel After Propane Dynamic Test P101
SEM Photos of NASA-Z After Propane Dynamic Test P101

Downstream Filters Trapped Many Powdery Black
Deposits During Dynamic Tests With Propane

Cooling Channel Before and After Propane Dynamic
Test P104

Heat Transfer Performance During Propane Dynamic Test P105

Apparent Channel Roughness During Propane Dynamic
Test P105

SEM Photos of Channel After Propane Dynamic Test P105
SEM Photos of Channel After Propane Dynamic Test P106
SEM Photos of Channel After Propane Dynamic Test P106
Temperature and Pressure Traces From Static Test M201

Gold Foil Before and After Static Exposure to UHP Methane
Plus 500 ppm Methyl Mercaptan (Test M201)

SEM Photos of Gold Foil Before and After Static Test M201
Zirconium Foil Before and After Static Test M201

SEM Photos of Zirconium Foil Before and After Static
Test M201

Iridium Foil Before and After Static Test M201

SEM Photos of Iridium Foil Before and After Static Test M201
NASA-Z Before and After Static Test M201

SEM Photos of NASA-Z Before and After Static Test M201
Temperature and Pressure Traces From Static Test M202

Platinum Foil Before and After Static Exposure to
UHP Methane Plus 500 ppm Hydrogen Sulfide
(Test M202)

SEM Photos of Platinum Before and After Static Test M202
SEM Photos of Platinum Before and After Static Test M202
Rhenium Foil Before and After Static Test M202

vii

Page
106

107

110
112
113

115

117
118

119
120
121
129
131

132
133
134

135
136
137
138
141
142

143
144
145






Figure No.

75
76
77
78
79
80
81
82
83
84
85
86

87

88
89
90

91

92
93

94
95

96
97
98

9

RPT/D0406 54-FM

LIST OF FIGURES

SEM Photos of Rhenium Before and After Static Test M202
Niobium Before and After Static Test M202

SEM Photos of Niobium Before and After Static Test M202
NASA-Z Before and After Static Test M202

SEM Photos of NASA-Z Before and After Static Test M202
Dynamic Test Specimen After Gold Coating

SEM Photos of Gold Coating Before Dynamic Tests

Cross Section of Gold Plated Channel Before Dynamic Tests
Design of Specimen Used in Dynamic Tests M207 and M208
Cross Section of Alkaline Nickel Strike Followed by Gold
Cross Section of Acidic Nickel Strike Followed by Gold

Cross Section of Acidic Nickel, Followed by Alkaline
Nickel and Gold

Pressure Drop and Heat Transfer Performance During
Methane Dynamic Test M201

SEM Photos of Channel After Methane Dynamic Test M201
EDS of Scale Formed During Methane Dynamic Test M201

Flowrate Through Channel During Methane Dynamic Tests
M201-M203

Heat Transfer Performance During Methane Dynamic Tests
M201-M203

SEM Photos of Gold Coated Channel After Test M202

SEM Examination Revealed Ruptures in Gold Coating After
Test M202

Coating Disbond Occurred During Test M202

SEM Photos of Platinum Coated Channel Before and After
Test M203

SEM Examination Showed Isolated Deposits on Channel
Surface After Test M203

Flowrate Through Channel During Methane Dynamic Tests
With 5 ppm HjS (Tests M204-M206)

Heat Transfer Performance During Methane Dynamic Tests
With 5 ppm HjS (Tests M204-M206)

SEM Photos of Uncoated Amzirc After Dynamic Test M204

viii

g

146
147
148
149
151
154
155
157
158
160
161
162

163

164
165
167

168

169
170

171
173

174

176

177

178






Figure No.
100

101
102

103
104
105

106
107
108
109
110
111
112

113
114
115

116
117

118

RPT/D0406 54-FM

LIST OF FIGURES

SEM Photos of Gold Coating Before and After Methane
Dynamic Test M205

Cross Section of Channel After Test M205

SEM Photos of Platinum Coating Before and After Methane
Dynamic Test M206

Cross Section of Channel After Test M205
Cross Section of Channel After Test M205

Disassembled Specimens Before and After Methane Dynamic
Tests M207 and M208

Gold Coating Before Test M207

Cross Sections of Untested Channel

SEM Photos of Gold Coating After Test M207
Cross Sections of Channel After Test M207
SEM Photos of Gold Coating After Test M208
Cross Sections of Channel After Test M208

Cross Sections of Channels After Tests With 5 ppm HpS in
Methane

Protective Measures Verification Program Logic
Protective Measures Verification Program Schedule

Protective Measures Verification Program Coatings
Development

Closeout Test Methods

Existing Hardware Will Be Utilized in the Protective
Measures Verification Program

The Protective Measures Verification Program Will Build a
40,000 IbF Coated Chamber

ix

Page
180

181
182

184
185
187

188
190
192
193
194
195
196

199
200
202

203
206

207






ACKNOWLEDGEMENTS

The Hydrocarbon-Fuel /Combustion-Chamber-Liner Materials Compatibility
Program is an ongoing program which is being performed by Aerojet TechSystems,

Sacramento, California for NASA Lewis Research Center, Cleveland, Ohio. The Aerojet

Program Manager and Project Engineer are Dr. Sanders D. Rosenberg and
Mr. Mark L. Gage, respectively. The NASA-LeRC Program Manager is
Mr. Richard Quentmeyer. The following individuals have also contributed to the

success of this program.

A. Ballunguy
F. Chen

G. Farlee

G. Fazzio

J. Franklin
D. Homer

R. LaBotz

D. Makel

RI'T/D0406 54-FM

T. Peterson

R. Pruett

K. Schaplowsky
L. Schoenman
G. Sheble

W. Sobalralski
E. VanderWall
J. Wooten






1.0 INTRODUCTION

The Hydrocarbon-Fuel/Combustion-Chamber-Liner Materials Compatibility
Program has three major technical objectives. They are (1) to define the corrosive inter-
action process that occurs between hydrocarbon fuels and candidate combustion cham-
ber liner materials, (2) to develop and evaluate protective measures to remedy the
defined corrosive interaction process, and (3) to recommend a test program which will
verify the validity of the measures under actual service conditions. A four-task pro-
gram is being conducted to achieve these program objectives, i.e., Task 1 — Corrosive
Interaction and Rates Determination, Task 2 — Protective Measures Development and
Evaluation, Task 3 — Protective Measures Verification Program, and Task 4 —
Reporting Requirements.

This interim final report covers the period from 7 November 1986 through
31 October 1989. The original scope of work of the program was completed during this
period. A contract modification to perform additional research was finalized on
7 August 1989. It extended the period of performance on the contract to 7 April 1991. A
final report covering the entire period of performance on the contract will be issued
upon completion of this work.

RPT/D0406.54/1.0-3.1 1



2.0 SUMMARY

Material compatibility studies were conducted between hydrocarbon fuels and
copper chamber liner materials. The hydrocarbon fuels tested were MIL-Spec RP-1, n-
dodecane, propane, and methane. The copper chamber liner materials tested were
OFHC, NASA-Z, and Zirconium Copper. Two distinct methods were employed. Static
tests, in which copper coupons were exposed to fuel for long durations at constant
temperature and pressure, were used to provide compatibility data in precisely con-
trolled environments. Dynamic tests, using the Aerojet Carbothermal Test Facility,
were conducted to provide fuel and copper compatibility data under realistic booster
engine service conditions. Dynamic test conditions simulated the heat flux, coolant
channel wall temperature, fuel velocity, temperature, and pressure expected in the
cooling channels of a regeneratively cooled LOX/hydrocarbon booster engine operating
at chamber pressures up to 3000 psia. Tests were conducted using (1) very pure grades
of each fuel and (2) fuels to which a contaminant, e.g., ethylene, methyl mercaptan,
hydrogen sulfide, etc., was added to define the role played by fuel impurities.

This material compatibility research was motivated, in part, by prior work con-
ducted by United Technologies Research Center and Rockwell International
Rocketdyne Division (Ref. 1, 2, 3). In these programs, severe copper corrosion and car-
bon deposition were encountered during this conduct of electrically heated tube tests.
These results had very important implications for the development of long-life oxy-
gen/hydrocarbon booster engines. Thus, the first two objectives of the current program
are (1) to define the corrosive interaction process that occurs between hydrocarbon fuels
and copper combustion chamber liner materials, and (2) to develop and demonstrate
protective measures against this corrosive process.

In Task 1 of this program, compatibility tests were conducted between hydrocar-
bon fuels and copper chamber liner materials. It was found that each of the copper
materials exhibited similar compatibility behavior. However, there were significant dif-
ferences among the various hydrocarbon fuels tested. Table 1 summarizes the test
results obtained in Task 1 of this program.

RPT/DO0406.54/1.0-3.1 2



TABLE 1

A SUMMARY OF EXPERIMENTAL RESULTS

RP-1 Methane Propane
Carbon Yes No No
Containing Above Twal Up to Twall Up to Twall
Deposits 580 F 934 F 865 F
Copper Yes* Yes* Yes*

Corrosion With50ppmS  Downto1ppm$S In All Tests

*Copper corrosion occurs only when sulfur is present in these fuels.
Cuprous sulfide is the corrosion product.

RI"T/D0406 54-T



2.0, Summary (cont.)

Task 1 tests with RP-1 and n-dodecane demonstrated a deposition reaction occurs
when the surface temperature of the copper exceeded 580 F. The result of this deposi-
tion process was the formation of a chemically complex, thin, but very tenacious, tar on
all exposed copper surfaces, as seen in the photomicrographs shown in Figure 1. This
tar inhibited heat transfer, but had little effect on the flowrate or pressure drop through
the channel during the dynamic tests. A corrosive reaction between the fuel and the
copper was also demonstrated with RP-1 when 50 ppm (by weight) sulfur was added to
the fuel in the form of n-dodecanethiol. The copper cooling channels reacted with the
sulfur impurity to form cuprous sulfide (Cu;S). This corrosive process roughened the
copper surfaces, as seen in Figure 2, and substantially increased the pressure drop
through the cooling channel. It did not have a major impact on the heat transfer
characteristics of the channel.

In contrast, Task 1 tests with methane did not show any deposition reactions, even
at copper surface temperatures up to 934 F. Figure 3 documents that, even at high
magnification, no changes were observed on the surface of the dynamic test specimen.
However, severe corrosion of copper was observed when very small amounts of sulfur
impurities (e.g., 1 ppm of methyl mercaptan) were added to the methane. Figure 4
shows the subsurface gouges formed in the channel surface during a dynamic test with
methane plus 1 ppm methyl mercaptan. In two tests conducted with a relatively high
concentration of methyl mercaptan in the methane (200 and 10 ppm, respectively) the
formation of corrosion product (Cu,S) became so massive as to block entirely the flow
of fuel through the channel.

Task 1 tests with propane did not show any carbon deposition, even at copper sur-
face temperatures up to 865 F. However, corrosion of copper by sulfur compounds was
observed in every test with propane, and resulted in the formation of powdery black
deposits of Cu3S on the channel surfaces, such as shown in Figure 5. Samples of the
propane used in the testing were analyzed by industrial and university laboratories in
an attempt to characterize the impurities causing the corrosion. No sulfur compounds
could be detected in the gas phase of the propane, even when using very sensitive
analytical methods reportedly accurate to levels as low as 50 parts per billion. The
inability of the analytical method to identify the source of contamination observed in

RI'T/Di406.54/1.0-3.1 4
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2.0, Summary (cont.)

the propane tests indicates representative samples of the propane could not be
delivered to the analytical device. Parametric testing with the propane confirmed
earlier results reported by UTRC, i.e., the velocity and inlet temperature of the propane
were significant factors in the amount of corrosion product formed in the channel.

Task 2 tests demonstrated the efficacy of metallic coatings as a means of corrosion
protection for the cooling channels. Static tests established the nobility of six metals in a
high pressure, high temperature environment of methane plus relatively high concen-
trations of sulfur compounds. Two of the six metals, i.e., gold and platinum, were
selected for further study. Dynamic test specimen were fabricated and the test channels
were protected by a thin layer of electrodeposited gold or platinum. The specimen were
subjected to dynamic tests at realistic booster engine conditions while operating with
methane coolant containing 5 ppm (by vol) methyl mercaptan. Additional tests were
conducted with 5 ppm (by vol) hydrogen sulfide. Corrosion of the cooling channels
was effectively reduced by the gold and platinum coatings. Figure 6 compares the
condition of the copper cooling channel surface in similar tests conducted with and
without the protective coating.

In Task 3, a program plan was developed which called for the fabrication and
testing of a 40,000 IbF thrust chamber with copper cooling channels protected from cor-
rosion with a metallic coating, e.g., gold. Tests were described in which the chamber is
to be cooled with (1) sulfur-free methane and (2) methane containing a measured
amount of sulfur contaminant to demonstrate the effectiveness of the coatings in
extending the useable chamber life in booster engines to be used in recoverable, reuse-
able vehicles.

RPT/D040654/1.0-3.1 10
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3.0 TASK1— CORROSIVE INTERACTION AND CORROSION RATE
DETERMINATION

The objective of Task 1 was to conduct an investigation which would result in a
definition of the corrosive interaction process and a determination of the corrosion rates
that occur in the reactions between hydrocarbon fuels and copper, alloyed and unal-
loyed. The specific fuels and materials which were investigated in Task 1 are listed in
Table 2. General guidelines for the performance of Task 1 are listed in Table 3. This
section of the report discusses the results of Task 1: a discussion of the test methods and
procedures used in the conduct of this investigation is followed by a presentation of the
results of experiments with RP-1, n-dodecane, methane, and propane, respectively.

3.1 TEST METHODS

This section describes the test apparatus, test procedures, and analytical
methods which were used in the static and dynamic tests of this program. The static
test methods are described first, followed by a review of the dynamic test facility and
procedures. A third section is devoted to a description of the chemical analyses of the
fuels used in this program.

3.1.1 Static Test Methods

Two static test methods were used to study the compatibility of
hydrocarbon fuels with copper in a carefully controlled environment. Sealed Glass
conducted with methane and propane. The Sealed Glass Ampul Test offers the advan-
tage of visual observation of the fuel/specimen sample throughout the course of the
test, but its applicability is limited to low pressure tests with comparatively nonvolatile
fuels. The Aminco Bomb Test offers the advantage of testing at high pressure, but it is
best suited to the evaluation of comparatively volatile fuels.

In the Sealed Glass Ampul Test, the fuel and metallic coupons were
loaded in an ampul as depicted in Figure 7. The sealed ampul was then heated to 400 F
in a constant temperature oven for 14 days. Figure 8 shows a trace of the temperature in
the oven during the test period. After removal from the oven, the ampules were opened
into a measured volume, so that any pressure rise attributable to the formation of
volatile reaction products, such as light hydrocarbons or hydrogen, could be measured.

RPT/D0406.54/1.0-3.1 12



TABLE2

HYDROCARBON-FUEL/COMBUSTION-CHAMBER-LINER
MATERIALS COMPATIBILITY PROGRAM FUELS AND MATERIALS

Fuels Temperature Range of Interest
RP-1a 273.16 t0 616.49 K (32 to 650 F)
Propane 90.39 to 616.49 K (-297 to 650 F)

Methane 111.66 to 616.49 K (-258.7 to 650 F)

an-Dodecane was used for comparative purposes.

Copper Base Materialsb

OFHC Copper
Amzirc (copper, 0.15 wt % zirconium)
NASA-Z (copper, 3 wt % silver, 0.5 wt % zirconium)

bAll of the material noted was provided by the Government in the forged and annealed
condition.

RI'T/D0406.54-T 13



TABLE 3

HYDROCARBON-FUEL/COMBUSTION-CHAMBER-LINER
MATERIALS COMPATIBILITY PROGRAM GENERAL GUIDELINES

Engine Definition

Thrust Level
Chamber Pressure
Cycle

Number of Flights

RPT/DO40654-T

3,336 kN (750,000 1bF)
20,684 kPa (3,000 psia)
Gas Generator

50
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3.1, Test Methods (cont.)

The gas and liquid phases of the ampul were analyzed for hydrogen and hydrocarbons
by gas chromatography. The metallic coupons were weighed and examined with
optical and scanning electron microscopes.

The coupons used in the Sealed Glass Ampul Test were cut by EDM
from 0.020-in. thick sheet. The material was made by cold rolling pieces cut from billets
of OFHC, Amzirc, and NASA-Z supplied by NASA-LeRC. The coupons were cut into
0.25 x 1.0-in. rectangles which were cleaned, weighed, and photographed before they
were placed in the ampules. The surface of each specimen was also examined under a
scanning electron microscope (SEM) and micrographs were taken of a point on the
middle of the surface of each coupon at 200, 400, and 2000x prior to the tests. When the
coupons were removed from the ampules, they were immediately weighed and pho-
tographed, and posttest micrographs were taken of the same spot on the surface, again
at 200, 400, and 2000x.

7 In the Aminco Bomb Tests, the fuel and metallic coupons were sealed
in a high pressure vessel using the filling system shown in Figure 9. The bomb was
heated to 650 F in an oven and held at this temperature for 30 min. Upon removal from
the oven, the bomb was cooled in a water bath. Figure 10 shows a trace of the
temperature and pressure in the bomb during a typical test. After cooling to ambient
temperature, samples of the gas phase of the bomb were taken and analyzed for hydro-
gen and hydrocarbons by gas chromatography. The metallic coupons were weighed
and examined with optical and scanning electron microscopes.

The coupons used in the Aminco Bomb Tests were punched from
0.020-in. thick rolled sheet. The coupons were 15/16-in. dia circles with a 1/8-in. hole in
the center. Each coupon was cleaned, weighed, and photographed before the test. The
surface of each specimen was examined under a SEM and micrographs were taken of a
point on the middle of the surface of each coupon at 200, 400 and 2000x prior to the
tests. After cleaning and inspection, the coupons were suspended on a Type 34755 rack,
and the entire assembly sealed and leak tested with nitrogen. After passing the leak
test, the bomb was evacuated to < 1 torr for a minimum of 30 min. The bomb was then
filled with fuel plus the appropriate additives and heated. When the coupons were
removed from the bomb after testing, they were immediately weighed and

RPT/D0406.54/1.0-3.1 1 7



si1sa] Jnels auedo.ld pue aueyjep uj pasn sneseddy Buipeo quog g ainbiy

Aiddng sex)

[ossaA
ainssaig

—

Nue | \/ \J
pajeiqiied

JUBA

< | , | %M OVA

>H

<]

18



Bysd ‘ainssaid sen

saoe.] ainjesadwa) pue ainssald 1sa1 quog d1els jeaidAL ‘01 2.nbid

sajnuw ‘aw) ]
(118 ori (1748 001 (1]} oy (114 0
1 * 1 1 ‘ ] i 1 °
0+ 3 3
- e
S Y 001
3 3
o a
005 - 5 5
3 3
[ [
m 73
nUP Wo. — 002
0001
~00¢
00S1 -
- 00Y
0002
—00S
00SZ
~ 009
000¢ -
gl wdd ggs - auBYldW
ZOZW uny - 00

4 ‘aunjesadwia | seH

19



3.1, Test Methods (cont.)

photographed, and posttest micrographs were taken of the same spot on the surface,
again at 200, 400, and 2000x.

Appendix A of this report details the procedures used to load and
unload the Glass Ampules and the Aminco Bomb.

3.1.2 Dynamic Test Methods

Dynamic tests were conducted in the Aerojet Carbothermal Test
Facility with four hydrocarbon fuels, Mil-Spec RP-1, n-dodecane, as a hxgh-purlty simu-
lant for RP-1, methane, and propane, and three copper chamber materials, OFHC,
NASA-Z (3% Ag, 0.5% Zr), and Amzirc (0.15% Zr). Figure 11 presents a schematic
diagram of the dynamic test apparatus.

The apparatus incorporates two fuel delivery subsystems, one for

high-pressure methane, the other for RP-1, n-dodecane, and propane. The RP-1 and n-
dodecane were tested at ambient temperature inlet conditions. The methane and
propane were subcooled to between -200 and -100 F enroute to the heated copper test
specimen. The test specimen was heated within the Aerojet Carbothermal Materials

Tester without the use of direct ohmic heating. The apparatus incorporates appropriate
 filters, thermocouples, pressure transducers, propellant thermal conditioners, and mass
: flowmeters to control and measure the test conditions and record the test data on-line.
A port is incorporated to provide on-line fuel samples for chemlcal analy51s

Figure 12 pféSents a conceptual diagram of the Aerojet Carbothermal
Materials Tester. It utilizes a large copper block which is heated by ten electrically
insulated cartridge heaters embedded in the block. The heat input into the block is
transferred by conduction through a test specimen made of the copper material to be
tested. The heat is then w1thdrawn through a 0. 020-m square cooling channel milled in
the bottom of each specimen by fuel flowing through the channel. Figure 13 shows
photographs of a typical test specimen used in the Aerojet Carbothermal Materials
Tester.

Realistic simulations of coolmg channel condmons were produced in this facility
without the use of direct ohmic heatmg of the specimen. Table 4 compares

RPT/D0406.54/1.0-3.1 2 0



Aujioed 1sa] |euueyjoqse) jefossy Jo onewsyos "L ainbi4

ORIGINAL PAGE IS
OF POOR QUALITY

e il AR ¢
SO PpTBMIND

oyt Ty
1ong

21



3D Concentrator

\

Cartridge Heater

\
Fuel u.&

The Geometric Concentration of Energy Is an
Alternative to Ohmically Heated Test Specimens

Figure 12. Conceptual Design of Aerojet Carbothermal Materials Tester
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TABLE 4

REALISTIC COOLING CHANNEL CONDITIONS WERE PRODUCED IN
THE AEROJET CARBOTHERMAL MATERIALS TEST FACILITY

Wall Temperature, F

Max Coolant-Side q/ A, Btu/in.2-s
Coolant Pressure, psia

Coolant Velocity, ft/s

Bulk Temperature, F

Test Duration, sec

RPT/DO0406.54-T

Methane Test
Conditions
650-930
52

. 4200
100 — 1000

-150 — +380
1000 - 1800

24

STBE
Design
800
51
4400
300 — 500
-200 — +70
160/mission



3.1, Test Methods (cont.)

channel conditions produced in the methane tests with design conditions for the STBE
methane engine. Note that each of the relevant design parameters were reproduced,
including wall temperature, fuel temperature and pressure, fuel velocity, and heat flux
through the channel wall.

Another advantage provided by the Aerojet Carbothermal Materials
Tester is that examination of the test specimen can be accomplished directly without
disturbing the surfaces which were in contact with the fuel. The RP-1 tests used a sim-
ple stainless steel fuel manifold pressed into the bottom of the test specimen to close out
the channel. After the test, separation of the specimen from the manifold exposed the
channel directly. The higher thermal strains encountered in the methane and propane
tests required that the channel be closed out with a thin sheet (0.020 in.) of OFHC cop-
per welded around the channel. After testing, a simple end mill operation opened the
channel for examination without disturbing either the specimen channel on the closeout
which had been exposed to the flowing fuel. This also provided the opportunity to
obtain simultaneous compatibility data with OFHC (via the closeout sheet) and ZrCu or
NASA-Z (via the machined specimen).

All dynamic test specimen were machined from the billets of material
supplied by NASA-LeRC. As in the static tests, all dynamic specimens were cleaned,
and photographed prior to testing. SEM photomicrographs of the channel surfaces
before testing were taken on three specimens selected at random. No discernable
difference was found among these specimen, and it was assumed they were
representative of all specimen channels before testing.

Appendix B presents the Test Area checklist which was used in the
conduct of the dynamic tests. This checklist describes the sequence of operation that
was typically used to conduct a dynamic test.

Each dynamic test was run at a constant wall temperature, as mea-
sured by four thermocouples along the channel wall. To achieve this, the power going
to the heaters in the Aerojet Carbothermal Materials Tester was manually adjusted
during the test with a potentiometer. This was particularly important during testing
with RP-1, where the heat transfer performance of the specimen declined by as much as
30% during the course of some tests.

RPT/D0406.54/1.0-3.1
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3.1, Test Methods (cont.)

Data were collected from the on-line instrumentation of the system
through a Daytronics data acquisition system, and stored every 5 sec on an IBM-AT. A
data reduction program was written to calculate test conditions and to analyze the
hydraulic and heat transfer performance of the specimen during the test. A listing of
the data reduction program, along with a typical page of output from a test, is included
in Appendix C.

3.1.3 Fuel Analysis

All fuels used in this program were analyzed prior to use. Additives
which were used in some tests were either analyzed or certified by the vendor specifi-
cations of purity. A summary of all the fuel analyses is included as Table 5.

RP-1 was obtained as a Government Furnished Propellant from
Aerojet Test Area J. Two 55 gallon drums were cleaned and filled with RP-1, which
provided the fuel for all static and dynamic Task 1 testing. Samples of the RP-1 were
analyzed at Aerojet by gas chromatography and X-ray fluorescence. The gas chromato-
graph resolved over 50 drstmct peaks ‘though the exact molecular species

correspondmg to each peak was not determined. X-ray ﬂuorescence was used to ana-

lyze the RP-1 for sulfur content. No sulfur compounds were detected. Laboratory
standards which were made the detection limit of the 1nstrumentat10n to be
approximately 10 ppm (by werght) of sulfur compounds in the RP 1.

One 55 gallon drum of hrgh punty n-dodecane was purchased from
Phillips Specialty Chemicals for Task 1. An independent analysis was conducted by
J&A Associates, Golden, CO prior to use on the program. Gas chromatography was
used for characterization of the hydrocarbons In contrast with the analysis of the RP-1,
gas chromatography mdlcated that not more than two s spec1es were present in the n-
dodecane, namely >99% n-dodecane and <1% n-undecane. Standards established that
the n-dodecane contained less than 2 ppm (by weight) each of aromatic, olefinic, or
other aliphatic compounds. X-ray fluorescence did not find any sulfur compounds in
the n-dodecane, down to a detection limit of 2 ppm.

RPT/DO040654/1.0:3.1 26



TABLE 5

VENDOR SUPPLIED ANALYSES OF PROPELLANTS AND ADDITIVES

Material
UHP Methane

Instrument Grade
Propane

Ethylene

Propylene

Methyl Mercaptan
n-Dodecane

Dodecanethiol
Biphenyl
1-Dodecene
Research Grade
Propane

Technical Grade
Methane

Supplier
Linde Spedialty Gases

Liquid Carbonic =

Linde Specialty Gases

Linde Spedialty Gases

Matheson Gas Products
Phillips Specialty Chem.
Aldrich Specialty Chem.
Aldrich Specialty Chem.

Aldrich Specialty Chem.
Matheson Gas Products

Linde Specialty Gases

27

A ANV A ANA

VvV A A

v Vv

A ANV V VYV

A

99.97
24
15
5
2
99.5
2
2
0.6
200
99.5
6
41
2
2
99.0
172
1192
20
9.5
99.0
1.0
98.0
99.0
95.0
99.96
5
5
0.1
270

55

97.0
8.8
48

Analysis
vol % CHy
ppm O2
ppm N2
ppm H2S
ppm SO2
wt % C3Hg (liquid)
ppm SOz
ppm H3S
ppm O
ppm H0
vol % CoHy
ppm O2
ppm N2
ppm HaS
ppm SO
wt % C3Hg (liquid)
ppm Hj (gas)
ppm O2 (gas)
vol % N3 (gas)
wt % CHs SH (liquid)
wt % n-dodecane
wt % undecane
wt % dodecanethiol
wt % biphenyl
wt % 1-dodecene
% C3Hg
ppm O2
ppm N2
ppm CHy
ppm C2Hs
ppm CaHy
ppm C3Hg
ppm i-butane
ppm n-butane
ppm HO
% CHy
ppm Oz
ppm H20
ppm SOy



3.1, Test Methods (cont.)

Ultra High Purity (UHP) methane was used in the static tests of
Tasks 1 and 2. A complete analysis supplied by the vendor is included in Table 5.

Technical Grade methane was used in the dynamic tests of Tasks 1
and 2. The vendor supplied analysis is included in Table 5. Note that no sulfur
compounds were found in the original analysis of the methane, down to a detection
limit of 2 ppm by volume.

After Task 1 dynamic tests indicated that even very low (1 ppm by
volume) concentrations of sulfur compounds in methane could create significant corro-
sion problems with copper, additional analysis of the technical grade methane was con-
ducted specifically to lower the detection limit on sulfur compounds. Two stainless
steel Hoke cylinders were filled with 1800 psig of methane, one directly from the
starting methane stock, and the other from the run tanks of the Aerojet Carbothermal
Test Facility, which contained methane plus 1 ppm (by volume) methyl mercaptan. The
two were marked with serial numbers and shipped to Air Products Corporation. The
two cylinders were analyzed for HyS, CH3SH, and COS by gas chromatography down
to a detection limit of 0.2 ppm by volume. No sulfur compounds were found, even in
the sample which was intentionally contaminated to 1 ppm. Two conclusions are pos-
sible. Either the detection limit of the analytical method was not as low as was believed,
or the sampling procedure which was used to obtain the contaminated specimen did
not produce representative samples. In either case, the ramifications are significant and
justify further study of the fuel supplier’s sampling and analytical techniques.

Instrument Grade Propane was used during the first static test with
propane (test 106) and during all the dynamic tests. Analysis was provided by the sup-
plier prior to use. This analysis certified the liquid phase of the propane to contain
>99.5 wt % propane, with the gas phase containing 0.6 ppm oxygen, 200 ppm water,
and less than 2 ppm sulfur dioxide and hydrogen sulfide (none detected). After the ini-
tial dynamic tests with propane showed the formation small amounts of Cu;S in the
channels, additional analysis was done on one of the propane cylinders. One of the
original cylinders was shipped to Drexel University and analyzed by Dr. Alan R. Bandy.
He analyzed the head gas of the cylinder by gas chromatography and flame
photometric detection for COS, H»S and CH3SH. None was found, down to a detection

RPT/DO40654/1.0-3.4 28



3.1, Test Methods (cont.)

limit of 0.050 ppm by volume. It was possible that the sulfur content of the liquid phase
was higher. The liquid phase is more difficult to analyze, and was not analyzed.

Research Grade Propane was used during all other static tests with
propane. It was analyzed by the supplier prior to delivery, and the results of this anal-
ysis are shown in Table 5. Test results did not indicate any sulfur contamination of this
propane.

Additives were also purchased for the program to test the effect of
high concentrations of olefins, aromatics, and various sulfur-containing compounds.
Additives which were tested included biphenyl, 1-dodecene, and n-dodecanethiol (in
selected RP-1 tests), ethylene, methyl mercaptan, and hydrogen sulfide (in selected
methane tests), and propylene and methyl mercaptan (in selected propane tests).
Analyses of these additives were supplied by the vendors and are included in Table 5.

RPT/D0406.54/1.0-3.1 29



3.0, Task 1 — Corrosive Interaction and Corrosion Rate Determination (cont.)
3.2 RP-1TEST RESULTS

This section of the report discusses the results of tests with RP-1 and its high
purity simulant, n-dodecane. The results of static tests using RP-1 and n-dodecane are
covered first, followed by a discussion of the dynamic tests.

3.2.1 RP-1 Static Tests (Task 1.1.2)

As detailed in Section 3.1.1, static tests were conducted using glass
ampules filled with RP-1 or n-dodecane and a coupon of Amzirc, NASA-Z, OFHC, or
55304. This section documents the results of these static tests.

A custom set of glassware for loading and unloading the ampules was
assembled. Care was taken in the selection of materials used in the system to prevent
contamination of the ampules from sources such as stopcock grease, and valve and
equipment seals. The only materials in contact with the ampules or their contents were
glass, greaseless Teflon stopcocks and Tygon tubing.

Ten ampules were loaded with RP-1 or n-dodecane plus selected
additives and metallic coupons. Table 6 records the contents of each ampul. These ten
ampules were selected to focus upon the effect of the variables believed to be most
important in this Sfudy, namely (1) fuel iﬁiﬁﬁi‘iﬁes, (2) exposure of the fuel to air,

(3) nature of copper-based material, i.e., OFHC vs Zr-Ag-Cu alloys such as NASA-Z,

(4) grain size of the material and (5) stress/strain history of the material. Analysis of the
contents of these ten ampules, both before and after the incubation period, provide an
independent test of the effect of each of these variables.

The ten ampules were placed in a 400 F oven and incubated at
constant temperature for 336 hours (14 days). Figure 8 shows the oven temperature
during the test.

At the end of the fourteen day incubation period, the ampules were
removed from the oven and visually inspected. The RP-1 in the ampules showed a
change of color in the liquid phase. The RP-1 loaded into the ampules was a dark pink.
After heating during the test, the RP-1 became clear and transparent. This color change

RPT/DOA0S 54/32 30



TABLE 6

CONTENTS OF RP-1 GLASS AMPUL TESTS

Ampul

_No._ Fuel Additives Material Grain Strain
1 RP-1 Air None
2 n-Dodecane Air None
3 RP-1 Air 316SS
4  RP-1 Air ~ OFHC Fine No
5 RP-1 None OFHC Fine No
6 RP-1 Air NASA-Z Fine No
7 n-Dodecane Air NASA-Z Fine No
8 n-Dodecane Air +525ppm S NASA-Z Fine No
9 n-Dodecane Air +525 ppm S OFHC Large No

10 n-Dodecane Air +525ppm S OFHC Large Yes

RPT/D0406.54-T 3 1 '



3.2, RP-1 Test Results (cont.)

occurred in all of the RP-1 ampules, including those with copper coupons, those with
stainless steel coupons, and those with no coupons at all (i.e., the control tests).

The only metallic coupons which exhibited visual changes were those
copper coupons (both OFHC and NASA-Z) which were exposed to n-dodecane doped
with p-dodecanethiol to a total sulfur level of 525 ppm (ampules 8, 9 and 10). These
coupons developed a uniform, dark grey, tarnish or deposit on the surface. No other
changes were visible on any of the remaining metallic coupons.

After visual inspection upon removal from the oven, the ampules
were stored in a 45 F refrigerator until they were opened 12 days later. No visual
changes occurred during the 12 days of refrigeration.

Each ampul was opened into a measured volume so the internal pres-
sure of the ampul could be calculated. Table 7 shows the results of these calculations.
Note that none of the ampules showed an increase in pressure as a result of the test,
indicating that no insoluble gases were produced during the course of the test.

This conclusion was verified by the fact that no significant amounts of
light molecular weight hydrocarbons were detected in the quantitative analysis of the
gas phase. Analyses for hydrogen, helium, n-butane, i-butane, n-hexane, propane,
ethane, methane, ethylene, propylene, carbon dioxide, and carbon monoxide were
carried out by gas chromatography with appropriate calibrated standards. None of the
ampules showed the pfeéénce of any of these compounds. Oxygen and nitrogen were
the only species positively identified.

Similarly, comparison of the before and after analysis of the liquid

phase of the ampules for hydrocarbon species and dissolved gases showed little change.

Figure 14 shows a trace from a gas chromatograph of a sample of the RP-1 (saturated
with air) loaded into ampules 1, 3, 4, and 6. Figure 15 shows a trace from the liquid
extracted from ampul 6 after exposure to a NASA-Z coupon. Note that the traces show
excellent separatioﬁ of the various compounds which comprise RP-1, but comparison of
the two traces showed no significant difference in the nature of the species separated or
their relative amounts. None of the gas chromatograms of the liquid phase showed any
difference before versus after exposure to the copper.

RPT/DO406.54/3.2 32
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3.2, RP-1 Test Results (cont.)

Sulfur analysis of the liquid phase was done by X-ray fluorescence.
The RP-1 and the n-dodecane used as starting material contained less than 10 ppm of
sulfur (the detection limit of the equipment used to run the analysis — no sulfur was
‘actually found in the starting materials).

n-dodecanethiol was added to n-dodecane in ampules 8,9, and 10to a
prescribed level of 500 ppm by weight. X-ray fluorescence showed the sulfur content of
these ampules was 525 ppm by weight before exposure to the copper. Some of this sul-
fur in the liquid phase was consumed during the test. The sulfur content of the liquid in
ampules 8, 9 and 10 at the end of the tests was 368, 446, and 442 ppm by weight, respec-
tively.

Material balances were performed on the sulfur in each of these
ampules. As shown in Table 8, excellent closure was obtained based on the before and
after analysis of the liquid phase and the weight gain of the copper coupon. As well as
providing assurance of the validity of the analytical procedures and lab techniques of
these tests, the fact that the weight gain of the coupon can be entirely traced to the
deposition of sulfur on the surface was further indication that no corrosion, pitting, or
carbon deposition on the copper took place during the test, other than that caused by
the sulfur reaction with the metal.

The only metallic coupons which exhibited visual changes were those
copper coupons (both OFHC and NASA-Z) which were exposed to n-dodecane doped
with sulfur (ampules 8, 9 and 10). These coupons developed a uniform black tarnish or
deposit on the surface. No other changes were visible on any of the remaining metallic
coupons.

Figures 16 and 17, typical 35 mm photos of the metallic coupons taken
before and after exposure, document this change in appearance. Figure 16 shows
specimen 10 before and after exposure to RP-1 saturated with air. No visible change
was detected. Figure 17 shows specimen 30 before and after exposure to pure grade n-
dodecane plus 525 ppm by weight sulfur as dodecanthiol. Note the dark, even deposit
on the surface which developed during the test. This was identified primarily as
cuprous sulfide, CupS.

RPT/D0406.54/32 36



Ampul
Number

10

RI'T/D0406.54-T

TABLE 8

MATERIAL BALANCES FOR SULFUR IN AMPUL TESTS

Sulfur
Liquid in Liquid
Volume ml Before, g
3.36 .00142
3.36 .00142
3.36 .00142

37

Sulfur
in Liquid
After, g
.00099
00120

00117

Coupon

Weight

Gain, g
.0003
.0003

.0002

% Closure

(After/Before)
90%

106%
98%



ORIGINAL PAGE |
BLACK AND WHITE PHOTOGRAPH

Before Test
Color: Bright Copper

After Test
Color: Bright Copper

Figure 16. OFHC Copper Specimen Exposed to Air-Saturated RP-1
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ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

Before Test

Color: Bright Copper

After Test
Color: Steel Gray

Figure 17. NASA-Z Specimen Exposed to n-dodecane Plus 525 ppm Sulfur as Dodecanethiol
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3.2, RP-1 Test Results (cont.)

SEM photos of these same coupons are also informative. Figure 18
shows the surface of specimen 10 magnified 50, 400, and 2,000 times before and after
exposure to RP-1 saturated with air. A very slight deposit becomes visible at the
highest magnification. This small deposit and the fact that it is visible only at high
magnification is typical of all the coupons exposed to air-saturated RP-1.

Figure 19 shows a portion of specimen 30 before and after exposure to
n-dodecane plus 525 ppm sulfur, again magnified 50, 400 and 2000 times. The CuzS
deposit, evident with the unaided eye, becomes very dramatic when magnified. The
formation of these deposits is typical of all the coupons exposed to n-dodecane with 525
ppm of sulfur added.

Table 9 summarizes the visual and SEM examinations from all the
ampul test coupons. By comparing various combinations of tests, it is possible to make
a number of conclusions from the results shown in this table. For example, by
comparing tests 6 and 7, it can be seen that the test results were not affected by using
n-dodecane as the fuel instead of RP-1. Similar reasoning can be used to arrive at the
following conclusions regarding the compatibility of RP-1 with copper at 400F:

(1) RP-1 (degassed and sulfur-free) does not react with copper.

(2) RP-1 (saturated with air) reacts to form a very minor deposit on
copper.

(3) RP-1 (with 525 ppm by weight sulfur as n-dodecanethiol) reacts to
form an even, complete coating of Cu;,S.

(4) The strain history of the copper had no effect.

(5) Changing the copper material from OFHC to NASA-Z had no
effect.

(6) The RP-1 used in this series behaved the same as n-dodecane. Itis
likely that this is dependent on the purity of this particular ship-
ment of RP-1.

RI'T/D0406.54 /32 40
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3.2, RP-1 Test Results (cont.)

3.22 RP-1 Dynamic Tests (Task 1.2.2)

A series of thirteen dynamic tests were conducted with RP-1 and /or
n-dodecane in the Aerojet Carbothermal Test Facility. The objective of these tests was to
investigate the compatibility of RP-1 with copper chamber liner materials at conditions
simulating those anticipated in the cooling channels of regeneratively cooled
LO,/hydrocarbon booster engines. Table 10 summarizes relevant test conditions
produced in the RP-1 dynamic tests. Table 11 summarizes the 13 dynamic tests which
were conducted.

Test R101 was terminated after 185 sec because of a fuel leak. The test
used degassed n-dodecane as the fuel. The heater block and test specimen were
allowed to heat up to 1000 F before the fuel p'uﬂl’n'p'was started and fuel was fed through
the test section at 120 feet/sec. During the first 20 sec of fuel flow, the wall tempera-
tures of the specimen decreased by 200 F, while the temperature in the copper heater
block continued to slowly increase. Then, 150 sec after the fuel flow was started, steady
state temperatures were reached and the pump speed was increased to obtain a flow
velocity of 220 ft/sec. This further reduced the wall temperature of the specimen. At
185 sec after initiation of fuel flow, a leak was observed. The heaters and pump were
immediately shut off and the test section was purged with high pressure nitrogen gas.

Upon disassembly of the apparatus, blackening of the specimen chan-
nel was noted. The discoloration was uniform from channel inlet to outlet and on each
of the channel walls. The specimen was weighed (no change), photographed and sub-
mitted for metallographic analysis. Due to the short duration of the test, no changes
were seen in the heat transfer or roughness of the specimen channel.

Test R102 was conducted with an OFHC specimen and degased n-
dodecane as the fuel. The run duration was 1624 sec, and was entirely operated on
recirculation from the recirculation tank. The run was ended by an operating error in
which valves were opened in an incorrect sequence, resulting in a loss of suction
pressure to the delivery pump. This reduced the flowrate into the block, which
required a shutdown of the heaters and the test. The appearance of the specimen when
removed from the Carbothermal Apparatus again showed blackening of the channel
surfaces in contact with the fuel.

RPT/DO40654/3.2 44



RPT/DO0406.54-T

TABLE 10

RP-1 DYNAMIC TESTS INVESTIGATED COMPATIBILITY AT
REALISTIC COOLING CHANNEL CONDITIONS

Test
Conditions
Wall Temperature, F 560-800
Max Coolant-Side q/A, Btu/in.2-s 20
Coolant Pressure, psia : 3500
Coolant Velocity, ft/s 250-300
Bulk Temperature, F 70-380
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3.2, RP-1 Test Results (cont.)

Test R103 was conducted with an OFHC specimen and degased n-
dodecane as the fuel. The run duration was 3483 sec (0.97 hr), including approximately
1300 sec of once-through operation from the run tank to the collection barrel at essen-
tially steady state operating conditions. The remainder of the run was conducted in a
recirculating mode. The maximum wall temperature recorded during the run was
700 F.

As shown in Figure 20, the heat transfer coefficient showed a steady
decline during the run, first noticed when the wall temperature reached 600 F, and con-
tinuing through the last 2800 sec of the run. During this time, the run conditions stayed
nearly constant, except fora steady and gradual increase in the channel wall tempera-
ture spanning operations in both a recirculating and a once-through operating mode.
The pressure drop of the fuel through the channel did not change significantly from the
beginning to the end of the run. Visual examination of the OFHC specimen used in Run
R103 showed the typical blackening of the channel wall, uniform on all three sides, and
from inlet to outlet.

Test R104 was conducted with a NASA-Z specimen and degased n-
dodecane as the fuel. The run duration was 3253 sec, consisting of approximately 1600
sec of once-through operation from the run tank to the collection barrel at steady state
operating conditions, and the remainder in a recirculation mode. The maximum wall
temperature recorded during the run was 699 F.

Again, the heat transfer coefficient declined steadily during the run,
beginning when the wall temperature reached 650 F, and continuing through the last
2300 sec of the run. The rate of decrease was almost identical to that seen in test R103,
which provided the first indication that there is no difference in the performance of
OFHC vs. NASA-Z in the dynamic compatibility tests. The pressure drop of the fuel
through the channel did not change significantly from the beginning to the end of the
run.

Visual examination of the NASA-Z specimen used in Run R104
showed blackening of the channel wall, but it was unusual in that the discoloration was
much more distinct on the outlet of the channel than on the inlet. Figure 21 are 35 mm
photographs which document the before and after appearance of the specimen used in

RIT/DM406.54/32 47
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ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

Figure 21. Test Specimen Before and After Dynamic Test R104. Note Black
Discoloration of Channel After 3253 sec of Operation With
n — Dodecane at a Maximum Wall Temperature of 699°F
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3.2, RP-1 Test Results (cont.)

this run. The macroscopic view of the specimen and it can be seen that the blackening is
much more severe at the outlet of the specimen than at the inlet.

Test R105 was conducted with an OFHC specimen and degased n-
dodecane as the fuel. The run duration was 3118 sec, consisting of approximately 1600
sec of once-through operation from the run tank to the collection barrel at steady state
operating conditions, and the remainder in a recirculation mode. The maximum wall
temperature recorded during the run was 808 F.

As shown in Figure 22, the heat transfer coefficient declined steadily
during the run, beginning when the wall temperature reached 700 F, and continuing
through the last 2300 sec of the run. The rate of decrease in the heat transfer coefficient
was much larger than in either run R103 or R104, probably due to the higher wall
temperatures which were used in this test. Again, the pressure drop of the fuel through
the channel did not change significantly from the beginning to the end of the run.

Visual examination of the OFHC specimen used in Run R105 showed
a uniform blackening of the channel wall. The blackening did not appear to be worse
than that seen on the specimens used in the previous runs. o

After the run, the 0.4 micron filters both upstream and downstream of
the test block were changed, and the filter elements collected for analysis. These filters
were used during two runs (R104 and R105). Thereafter, it became standard practice to
change the filter elements after each run. The filter upstream of the test block showed a
fine black filtrate uniformly covering the exposed surface. The filter downstream of the
test block also showed a black filtrate, though the coating on the filter appeared to be
much thinner than on the upstream filter. This corresponds to the pressure drops
which were observed to increase significantly over the upstream filter during Run R105,
but only slightly over the downstream filter.

Test R106 was conducted with a NASA-Z specimen and degased n-
dodecane as the fuel. The run duration was 2899 sec, consisting of approximately 1400
sec of once-through operation from the run tank to the collection barrel at steady state
operating conditions, and the remainder in a recirculation mode. The maximum wall
temperature recorded during the run was 798 F.

RPT/D0406.54/3.2 50
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3.2, RP-1 Test Results (cont.)

The heat transfer coefficient declined steadily during the run,
beginning when the tall temperature reached 700 F, and continuing through the last
2500 sec of the run. The rate of decrease in the heat transfer coefficient was nearly iden-
tical to that observed in Run R105, confirming the previous observation made by com-
parison of Runs R103 and R104 that OFHC and NASA-Z appear to perform identically
with respect to their compatibility with n-dodecane.

Visual examination of the NASA-Z specimen used in Run R106
showed a uniform blackening of the channel wall. The blackening did not appear to be
worse than that seen on the specimens used in the previous runs, in spite of the larger
degradation in the heat transfer performance which was seen in this run.

Test R107 was conducted with a NASA-Z specimen and RP-1 as the
fuel. No attempt was made to degas the fuel either before or after its introduction into
the run tanks of the carbothermal ;yétem. The run duration was 3353 sec, consisting of
approximately 1350 sec of once-through operation from the run tank to the collection
barrel at steady state operating conditions, and the remainder in a recirculation mode.

The maximum wall temperature recorded during the run was 701 F.

The heat transfer coefficient declined steadily during the run, begin-
ning when the wall temperature reached 600 F, and continuing through the last 2600 sec
of the run. Visual examination of the NASA-Z specimen used in Run R107 showed a
uniform blackening of the channel wall, identical in appearance to the specimens used
in the n-dodecane runs.

This specimen was selected for further examination under a SEM.
Figure 23 shows two photomicrographs looking down onto the surface of the cooling
channel. Figure 23a is from a specimen which was machined but not tested, and repre-
sents the condition of the specimen surface before conduct of the dynamic tests. Figure
23bisa photomicrograph of the surface of the specimen Z3 after test R107. Note the
thin deposits on the surface of the specimen. This is the black tar which was observed
in the channel of most of the specimens (including the specimen from Test R107) after
testing with RP-1 or n-dodecane.
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3.2, RP-1 Test Results (cont.)

Electron Spectroscopy for Chemical Analysis (ESCA) was performed
by an independent laboratory on the surface of this specimen to determine the elemen-
tal composition of the tar-like deposit. ESCA analysis is capable of determining elemen-
tal composition (and to a limited extent, bonding structure as well) of very thin, i.e., 100
Angstrom layers of material. A summary of the results of the ESCA analyses which
were performed are presented in Table 12.

Test R108 was shutdown after only 145 sec of operation due to failure
of the SCR controller used to adjust the power level of the cartridge heaters of the
Carbothermal block. Due to the short duration of the test, no attempt was made to
analyze the run data. Visual examination of the NASA-Z specimen used in Run R108
showed a uniform blackening of the channel wall, identical in appearance to the speci-
mens used in the n-dodecane runs.

Test R109 was conducted with an Amzirc specimen and RP-1 as the
fuel. The fuel was not degassed. The run duration was 2853 sec, consisting of
approximately 1450 sec of once-through operation from the run tank to the collection
barrel at essentially steady state operating conditions, and the remainder in a recircula-
tion mode. The maximum wall temperature recorded during the run was 576 F.

This run was conducted at lower wall temperatures to find if a test
could be conducted in which the heat transfer coefficient did not decline. As seen in
Figure 24, the heat transfer coefficient stayed steady during the run, indicating no
buildup of a thermal barrier. As in all previous runs, no significant change was
observed in the pressure drop through the channel. However, visual examination of the
Amzirc specimen used in Run R109 still showed a uniform blackening of the channel
wall, identical in appearance to the specimens used in previous runs.

Test R110 was shutdown after only 257 sec of operation because RP-1
was entrained from the collection barrel into the test bay vent by a nitrogen purge. Due
to the short duration of the test, no attempt was made to analyze the run data. Visual
examination of the NASA-Z specimen used in Run R110 showed a uniform blackening
of the channel wall, identical in appearance to the specimens used in the n-dodecane
runs.

RPT/D0406.54/32 54



TABLE 12

ESCA ANAYSIS OF DEPOSIT ON TEST SPECIMEN CHANNELS
FROM RP-1/n-DODECANE DYNAMIC TESTS

Sample
ID
Number | Test C N O Si S Cu Ag Zr
Z-1 R104 49. 1.9 30. 7.9 1.0 10.0 -- -
Z-3* R107 63. 29 21. 2.0 31 8.1 --- -—
Z-7 R113 42. - 35. -— 1.2 21.0 0.2 |<0.2

*The ESCA data from Specimen Z-3 was further ar{élyzéd to determine the bonding
state of the elements identified. Ester, ether, and olefinic structures were dominant,

indicating that the deposit is primarily a complex, high molecular weight polymeric
hydrocarbon.

RPT/D0406.54-T
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3.2, RP-1 Test Results (cont.)

Test R111 was conducted using a NASA-Z specimen and RP-1 with
1% (by wt.) 1-dodecene added to examine the effect of a high olefinic content in the fuel.
As was typical with all the RP-1 tests conducted with additives, the 1-dodecene was
added only to the run tank. The recirculation tank was left uncontaminated and
contained only air-exposed Mil-Spec RP-1.

The total test duration was 2349 sec, consisting of approximately 1340
sec in a once-through mode of operation with the doped RP-1, and the remainder in a
circulating mode with uncontaminated RP-1. The maximum wall temperature recorded
during the run was 576 F.

The heat transfer coefficient declined during operation from the run
tank. However, it is not clear if this was due to the buildup of a thermal barrier, or sim-
ply attributable to the steadily decreasing velocity of the fuel through the channel which
was observed during the run. The measured heat transfer coefficient declined by 15%
during operation from the run tank. The Hines Correlation predicted a decline of about
10% during this same period, primarily because of the declining fuel velocity.

For the first time in the test series, the pressure drop through the
channel increased during the run. As seen in Figure 25, the apparent channel roughness
(as calculated from the pressure drop through the channel) was near 0 (i.e., a smooth
channel) at the beginning of the run. By the time the run tank was switched on, the
apparent channel roughness had increased to approximately 130 micro-inches. The
calculated roughness continued to increase during once-through operation to a maxi-
mum of 350 micro-inches before finishing at approximately 250 micro-inches.

Visual examination of the NASA-Z specimen used in Run R111
showed the typical uniform blackening of the channel wall. Examination under a 40X
optical microscope did not show evidence of material loss or roughening of the channel
surface.

Test R112 was conducted with an Amzirc specimen and RP-1 with 1%
(by wt.) biphenyl added to examine the effect of a high aromatic content in the fuel. The
biphenyl was added only to the run tank. The recirculation tank was left
uncontaminated and contained only air-exposed Mil-Spec RP-1.

RPT/DO40654/32 57
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3.2, RP-1 Test Results {cont.)

The total test duration was 2519 sec, consisting of approximately 1536
sec in a once-through mode of operation with the doped RP-1, and the remainder in a
recirculating mode with uncontaminated RP-1. The maximum wall temperature
recorded during the run was 579 F.

As shown in Figure 26, the heat transfer coefficient declined 10%
during operation from the run tank, while the Hines correlation predicted almost no
change. No similar decline in heat transfer performance was measured during this test
while running Mil-Spec RP-1 from the recirculation tank through the specimen, nor had
other test runs conducted with RP-1 at approximately the same temperature and flow
conditions measured a decline in the heat transfer performance.

The pressure drop through the channel increased slightly during the
run. Figure 27 shows the apparent channel roughness (as circulated from the pressure
drop through the channel) throughout the run. From the beginning to the end of the
run, the apparent channel roughness increased by 40 micro-inches, which occurred
during operation with the RP-1 plus biphenyl.

Visual examination of the Amzirc specimen used in Test R112 showed
the typical uniform blackening of the channel wall. Examination under a 40X optical
microscope did not show evidence of material loss or roughening of the channel surface.

Test R113 was conducted with a NASA-Z specimen and RP-1 with 50
ppm of sulfur as n-dodecanethiol added to examine the effect of the presence of
mercaptan sulfur in the fuel. As was typical with all the RP-1 plus additive tests, the n-
dodecanethiol was added only to the run tank. The recirculation tank was left uncon-
taminated and contained only air-exposed mil spec RP-1.

The total test duration was 2339 sec, consisting of approximately 430
sec in a once-through mode of operation with the doped RP-1, and the remainder in a
recirculating mode with uncontaminated RP-1. The maximum wall temperature
recorded during the run was 576 F.
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3.2, RP-1 Test Results (cont.)

As shown in Figure 28, the heat transfer coefficient increased slightly
during operation from the run tank. Again, the increase in heat transfer performance
was attributed to the additive in the RP-1 (in this case, the sulfur compound n-
dodecanethiol), as tests with uncontaminated RP-1 at similar conditions did not exhibit
this behavior.

The pressure drop through the channel showed a definite increase
during Test R113. As seen in Figure 29, the apparent channel roughness increased 250
micro-inches during the 1430 sec of operation with the mercaptan-containing RP-1. This
translates into a 20% increase in the pressure drop through these 20 mil channels in
turbulent flow.

Visual examination of the NASA-Z specimen used in Test R113
showed the typical uniform blackening of the channel wall, though the blackening
seemed to be more dense and heavy than that seen with other specimens in the series.
Examination under a 40X optical microscope did not show evidence of material loss but
did show a definite roughening of the channel surface.

Examination of the specimens used in the RP-1 tests under a SEM
confirmed that the channel had been roughened. SEM photos of specimen Z7, the
NASA-Z specimen exposed to RP-1 fuels plus 50 ppm of mercaptan sulfur, are included
as Figures 30 and 31.

Figure 30 shows two magnifications of a view looking down into the
channel. Figure 30a shows the channel and lands on either side at a low magnification
(80X). Just outside the raised land area is the impression left by the sealing manifold as
it squeezed against the bottom of the channel. Figure 30b shows the same view into the
bottom of the channel at 250X. The rough appearance of the surface is more evident at
this higher magnification. Also note that no scratches or grooves from machining are
visible.

Figure 31 shows three views of a section of the channel wall at high
magnification. Figure 31a shows the roughening of the wall at 1000X. A closeup of this
area, Figure 31b, shows clearly defined nodes of material rising from the underlying
surface. Figure 31c shows a view of one of these nodes. These nodes of material were
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3.2, RP-1 Test Results (cont.)

identified as Cu,S, formed by a corrosive process in which the copper surfaces of the
channel reacted with the sulfur compound added to the RP-1.

A review of all the on-line data from the RP-1 dynamic tests and all
the posttest metallographic examinations of the specimen led to the following
conclusions:

1) When operated at high wall temperatures, RP-1 and n-dodecane
deposited a thin, tenacious layer of a complex, high molecular
weight hydrocarbon on all copper surfaces.

2) These deposits reduced the heat transfer performance of the
channel, but had no measurable impact on the pressure drop
through the channel.

3) The rate at which the heat transfer performance was affected (i.e.,
the fouling rate) was a strong function of the wall temperature of
the channel. The higher the wall temperature, the higher the
fouling rate of the channel. On the other hand, it was demon-
strated that fouling of the channel by hydrocarbon deposits could
be eliminated by operation at wall temperatures below approxi-
mately 570 F.

4) The fouling rates measured in this program were in good agree-
ment with those measured by previous investigators. Figure 32
presents a plot of correlations developed previously for the
fouling rate as a function of inverse wall temperature, along with
the data points from this program.

5) There was no measurable difference in the performance of the
various copper materials tested, i.e., OFHC, Amzirc, and
NASA-Z.

6) There was no noticeable difference between RP-1 and n-dodecane.
The formation of hydrocarbon deposits was demonstrated with
both fuels at similar rates. Thus, it does not appear to be feasible
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3.2, RP-1 Test Results (cont.)

RIT/D040654/3.2

7)

8)

9)

to alleviate the deposition of the fuel by refining the RP-1 to its
major component.

The addition of 1% (by weight) 1-dodecene to the RP-1 did not
appear to affect the heat transfer performance of the test channel,
but a 10% increase in the pressure drop through the channel was
measured during the test.

The addition of 1% (by weight) biphenyl impacted the heat trans-
fer performance of the channel during the test, but had only a
very small affect on the hydraulic performance.

The addition of 50 ppm (by weight) sulfur as n-dodecanethiol to
RP-1 caused corrosion of the channel which affected the pressure
drop through the channel, but had very little impact on the heat
transfer performance.
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3.0, Task 1—Corrosive Interaction and Corrosion Rate Determination (cont.)
3.3 METHANE TEST RESULTS

This section of the report discusses the results of compatibility tests with cop-
per and copper alloys in contact with methane. The results of static tests using methane
and methane with contaminants intentionally added is covered first, followed by a dis-
cussion of the results of the dynamic tests.

3.3.1 Methane Static Tests (Task 1.1.3)

As described in Section 3.1.1, static tests using methane were con-
ducted in an Aminco Bomb Apparatus. Coupons of NASA-Z were exposed to Ultra
High Purity Methane (UHP) and UHP Methane with contaminants intentionally added
at high temperature (650 F) and pressure (3000 psig). This section of the report docu-
ments the results of these static tests.

Six separate static test runs were conducted with methane in Task 1.
Table 13 summarize the run conditions in each of the tests.

Test 101 established a baseline by filling a bomb containing only UHP
methane, with no additives or metal specimen, to nominal test temperature (650 F) and
pressure (3000 psig) for 30 min. Analysis of the contents of the bomb was done by gas
chromatography both before and after the test. Comparison of these analyses showed
no significant changes had occurred during the test. It was concluded, therefore, that
the UHP methane was chemically and physically stable in the bomb at these tempera-
tures and pressures, and no reactions occurred which need to be “factored in” to the
bomb tests using a copper coupon.

Test 102 exposed a NASA-Z coupon to UHP methane. The bomb was
again taken to 3000 psig and 650 F for 30 min. As in Test 101, before and after analysis
of the gas showed no changes which had occurred to the methane as a result of this test.
No visible changes occurred to the NASA-Z coupon and no changes were seen in the
SEM examinations of the coupon conducted before and after exposure. Figure 33 shows
SEM photographs of the surface of the NASA-Z coupon before and after this test. Even
at the high magnification (2000X), no changes were evident on the NASA-Z surface.
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NASA-Z Before
Static Test
(2000X)

NASA-Z After
Static Test
(2000X)

Figure 33. NASA-Z Did Not React With Uncontaminated Ultra High Purity
Methane in the Static Bomb Tests
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3.3, Methane Test Results (cont.)

Test 103 used a bomb filled with a mixture of 99.0 vol % UHP
methane and 1.0% ultra zero air.()'. This mixture was made by first filling the bomb
with ultra zero air to a pressure of 672 mm Hg at 70 F. Then the bomb was filled to a
total pressure by 1234 psig at 70 F with ultra high purity methane.

After exposure, analysis of the gas phase showed significant depletion
of oxygen, with no formation of combustion products such as CO, CO, or HyO. Visual
inspection of the NASA-Z coupon showed some tarnishing of the exposed surface.

SEM examinations showed a very light deposit on the surface with no evidence of cor-
rosion or surface attack. Figure 34 documents the appearance of this oxidation layer at
high magnification. '

Test 104 exposed a NASA-Z coupon to a bomb filled with a mixture of
97.8 vol % UHP methane and 2.2 vol % ethylene. This mixture was made by charging
the bomb with 29.19 psia ethylene, and then pressurizing the bomb to 1321.6 psia with
UHP methane at 75 F.

After exposure, analysis of the gas phase showed no change had
occurred during the test, and SEM examination of the coupon showed no evidence of
deposits or corrosion on the surface of the coupon. Thus, the addition of ethylene did
not induce any reactions with the NASA-Z.

Test 105 exposed a NASA-Z coupon to a bomb containing only UHP
methane at a pressure of 4800 psig. Analysis of the gas showed no change had occurred
during the test, and SEM examination of the coupon showed no evidence of deposits or
corrosion on the surface of the coupon. NASA-Z is apparently unreactive with UHP
methane, even at these high temperatures and pressures.

Test 107 exposed a NASA-Z coupon to a bomb filled with 272 ppm by
volume methyl mercaptan in UHP methane. This mixture was made by filling the
bomb with 18 mm Hg of methyl mercaptan, then increasing the pressure to 1259.7 psia

M Ultra zero air—compressed air certified to contain less than 0.1 ppm total hydrocarbons as CHg and
less than 8 ppm H30.
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Static Test
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NASA-Z After
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Figure 34. Methane Plus 1% (by vol.) Air Left a Thin, Even Oxidation
Layer on NASA-Z in the Static Bomb Tests
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3.3, Methane Test Results (cont.)

with UHP methane. SEM photographs shown in Figure 35 show the surface of the spec-
imen underwent a dramatic change in appearance during this test. Elemental analysis
of the surface by Energy Dispersive Spectroscopy (EDS) indicated the presence of
copper and sulfur on the specimen, as shown in Figure 36.

A visible coating formed on the coupon during this test, as a thin,
even, grey deposit, much like those deposits observed in the ampul tests using n-
dodecane with n-dodecanethiol.

Additionally, this was the only coupon in the methane tests which
showed a significant weight change. The coupon weight increased by 0.0018g (0.08%).
A complete material balance on the sulfur compound added to the bomb could not be
made because the GC was not calibrated to detect any unreacted methyl mercaptan
remaining in the bomb after testing. Approximately 0.0094g of sulfur was added to the
bomb as methyl mercaptan, CH3SH, meaning the coupon weight change accounted for
19% consumption of the added CH3SH.

At the end of the Task 1 static tests with methane, the following con-
clusions were drawn:

(1) Ultra High Purity Methane does not react with NASA-Z at 650 F
and pressures from 1500 to 5000 psig.

(2) The addition of 2% (by volume) ethylene had no affect on the test
results.

(3) The addition of 1% (by volume) ultra zero air tarnished the spec-
imen, with the formation of copper oxide.

(4) The addition of 272 ppm (by volume) CH3SH produced severe
corrosion of the specimen with the formation of Cu5S.
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NASA-Z Before
Static Test
(2000X)

R T

NASA-Z After
Static Test
(2000X)
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LIL Y5

Figure 35. Methane Plus 272 ppm (by vol.) CH3 SH Dramatically Affected the
Surface Appearance of NASA-Z in the Static Bomb Test
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3.3, Methane Test Results (cont.)

3.3.2 Methane Dynamic Tests Task 1

Thirteen dynamic tests were conducted with methane fuels and
uncoated copper channels. The test conditions simulated operating conditions antici-
pated in the cooling channels of a regeneratively cooled 750,000 IbF thrust booster
engine operating at a chamber pressure up to 3000 psia.

Table 14 summarizes the run conditions of the methane tests con-
ducted to date. All tests were conducted with technical grade (TG) methane which has
been analyzed to contain >97% methane, with 8.8 ppm O», 4.8 ppm H20, and less than 2
ppm sulfur.

Test M101 was halted after 92 sec of methane flow because methane
froze in the LN preconditioning heat exchanger. The specimen was not changed or

examined after this brief test.

Test M102 was stopped after 85 sec because the temperature of the
methane exiting the preconditioning heat exchanger rose steadily. When the methane
temperature at the inlet to the test specimen reached -20 F, the test was terminated.
Again, the specimen was not changed or examined after this test.

Test M103 achieved the desired steady state conditions at the entrance
to the test specimen. The inlet fuel temperature and pressure were stable at -125 F and
3950 psig, respectively. Methane flowed through the test specimen for 1325 sec until the
supply from the 6000 psig blowdown tanks was exhausted. Outlet fuel conditions
averaged 350 F and 1050 psig. The average heat flux during the test was approximately
25 Btu/in.2-sec with a maximum wall temperature of 680 F.

The run conditions were very steady during the test. The heat transfer
coefficient measured between the channel wall and the coolant increased slightly during
the run, as shown in Figure 37. However, the amount of increase is within the accuracy
of the technique used to measure this value. Similarly, the pressure drop through the
channel did not change perceptibly during the run. This on-line data provided the first
indication that the methane did not have a deleterious affect on the copper channel in
these dynamic tests.
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3.3, Methane Test Results (cont.)

After completion of Test M103, the OFHC Cu sheet welded on the bot-
tom of the specimen was removed by carefully cutting the weld with an end mill. This
method exposed the entire channel without damage to either the Amzirc test channel or
the OFHC Cu which directly covered the channel.

Visual inspection of the Amzirc test specimen showed qualitative evi-
dence of very minor oxidation near the inlet to the specimen channel. The discoloration
became less vivid along the length of the channel, with the last two-thirds of the channel
appearing to be essentially unaffected by the tests. Figure 38 presents 35 mm photos of
the channel taken before and after the Tests M101 through M103.

Examination of specimen A5 under a 40X optical microscope con-
firmed the visual observations. Small machine marks created when the test channel
was cut were still clearly visible. These telltale marks were not covered by any deposi-
tion products, or blurred by any corrosive or erosive action.

The specimen was examined in a SEM. It was difficult to find any
areas of interest in the channel, as the Amzirc appeared to be unaffected by the tests,
even at high magnification. Figure 39 presents two of the SEM photos which were
taken looking down into the channel. An EDS analysis of an area in the middle of the
channel showed the presence of only Cu and Zr.

Test M104 tested Amzirc specimen A7 with TG methane at a
somewhat higher wall temperature. Methane flowed through the test specimen for
1069 sec. Inlet fuel temperature and pressure averaged -110 F and 3980 psig, respec-
tively. Outlet fuel conditions averaged 450 F and 1050 psig. The average heat flux
during the test was approximately 30.5 Btu/in.2-sec, with a maximum wall temperature
of 840 F.

The run data indicated no reactivity of the Amzirc specimen under
these conditions. The heat transfer coefficient between the specimen wall and the fuel
decreased slightly during the run, though the amount of change is again within the
uncertainty of the measurement. The pressure drop through the specimen also
remained unchanged during the run.
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Figure 38. Specimen Tested With Tech Grade Methane at 680°F Shows Little Change
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3.3, Methane Test Results (cont.)

After the channel cover wﬁs milled off: visual inspection showed the
channel had developed a slight tarnish in all areas exposed to the fuel. The discol-
oration was consistent along the length of the channel.

Examination of specimen A7 under a 40X optical microscope showed
the formation of a very thin black scale covering the bottom of the channel. In ran-
domly spaced areas along the channel, the scale appeared to have flaked off, revealing
the still shiny copper surface underneath the thin deposit. Machine marks could still be
seen through the thin tarnish. However, it should be remembered that the deposit was
minor enough to have not appreciably affected the fluid flow or heat transfer character-
istics of the specimen.

Test M105 tested Amzirc specimen A6 with TG methane at the maxi-
mum wall temperature anticipated at the coolant channel wall. Methane flowed
through the test specimen for 1394 sec. Inlet fuel temperature and pressure averaged -
135 F and 4070 psig, respectively. Outlet fuel conditions averaged 500 F and 1010 psig.
The average heat flux during the test was approximately 32.0 Btu/in.2-sec with a maxi-
mum wall temperature of 918 F.

The run data again indicated no reactivity of the copper specimen
under these conditions. The heat transfer coefficient between the specimen wall and the
fuel decreased slightly during the run, though it varied less than in the previous two
runs. The pressure drop through the specimen